We report a measurement of the branching fraction of the exclusive charmless semileptonic decay B + → ωℓ + ν, where ℓ is either an electron or a muon. We use samples of B + mesons tagged by a reconstructed charmed semileptonic decay of the other B meson in the event. The measurement is based on a dataset of 426.1 fb −1 of e + e − collisions at a center-of-mass energy of 10.58 GeV recorded with the BABAR detector at the PEP-II asymmetric-energy e + e − storage rings. We measure a branching fraction of B(B + → ωℓ
, where the uncertainties are statistical and systematic, respectively. We also present measurements of the partial branching fractions in three bins of q 2 , the invariant-mass squared of the lepton-neutrino system, and we compare them to theoretical predictions of the form factors. Measurements of branching fractions of charmless semileptonic B decays can be used to determine the magnitude of the Cabibbo-Kobayashi-Maskawa matrix [1, 2] element |V ub | and can thus provide an important constraint on the Unitarity Triangle. These measurements can either be inclusive, i.e. integrated over all possible hadronic final states, or exclusive, i.e. restricted to a specific hadronic final state, which is explicitly reconstructed. Studies of exclusive decays allow for more stringent kinematic constraints and better background suppression than inclusive decays. However, the predictions for exclusive decay rates depend on calculations of * Now at the University of Tabuk, Tabuk hadronic form factors, and these are affected by theoretical uncertainties different from those involved in inclusive decays. Currently, the most precise determination of |V ub | with exclusive decays, both experimentally and theoretically, is based on a measurement of B → πℓν decays [3] . It is important to study decays to other pseudoscalar or vector mesons, in order to perform further tests of theoretical calculations, and to improve the knowledge of the composition of charmless semileptonic decays. We present measurements of the branching fractions B(B + → ωℓ + ν), where ℓ = e, µ and charge-conjugate modes are included implicitly. The ω meson is reconstructed in its decay to three pions, which has a branching fraction of
. This decay chain has previously been studied by the Belle collaboration using neutrino reconstruction [5] and hadronic tagging [6] , and by the BABAR collaboration using neutrino reconstruction on a partial [7] and the full dataset [8] , as well as employing a different analysis strategy based on a loose neutrino reconstruction technique [9] ; in this analysis, we employ a semileptonic tag on the full BABAR dataset.
The results presented in this analysis are based on data collected with the BABAR detector at the PEP-II asymmetric-energy e + e − storage rings, operating at the SLAC National Accelerator Laboratory. At PEP-II, 9.0 GeV electrons collide with 3.1 GeV positrons to yield a center-of-mass (CM) energy of √ s = 10.58 GeV, which corresponds to the mass of the Υ (4S) resonance. The asymmetric energies result in a boost of the CM frame of βγ ≈ 0.56. We analyse the full BABAR dataset collected at the Υ (4S) resonance from 1999 to 2008, corresponding to an integrated luminosity of 426 fb −1 [10] and 467.8 million BB pairs. In addition, 40 fb −1 are recorded at a CM energy 40 MeV below the Υ (4S) resonance to study background from e + e − → ff (f = u, d, s, c, τ ) continuum events.
A detailed description of the BABAR detector can be found elsewhere [11] . Charged-particle trajectories are measured in a five-layer double-sided silicon vertex tracker and a 40-layer drift chamber, both operating in the 1.5-T magnetic field of a superconducting solenoid. Charged-particle identification is achieved through measurements of the particle energy loss (dE/dx) in the tracking devices and the Cherenkov angle obtained by an internally reflecting ring-imaging Cherenkov detector. A CsI(Tl) electromagnetic calorimeter provides photon detection and electron identification. Muons are identified in the instrumented flux return of the magnet.
In order to validate the analysis, Monte Carlo (MC) techniques are used to simulate the production and decay of BB and continuum events [12, 13] , and to simulate the response of the detector [14] . Charmless semileptonic decays are simulated as a mixture of three-body decays B → X u ℓν (X u = π, η, η ′ , ρ, ω) and are re-weighted according to the latest form-factor calculations from lightcone sum rules [15] [16] [17] . Decays to non-resonant hadronic states X u with masses m Xu > 2m π are simulated with a smooth m Xu spectrum [18] .
Event-shape variables that are sensitive to the topological differences between jet-like continuum events and more spherical BB events are used to suppress backgrounds from e + e − →and other QED processes. We reject events for which the ratio of the second and zeroth Fox-Wolfram moments [19] is greater than 0.7. In addition, the event must contain at least six charged tracks (with three of them needed for the B tagging, as explained in the following), two of which must be identified as leptons of opposite charges.
In contrast to the earlier BABAR B + → ωℓ + ν measurements [7, 8] , for the present analysis the second B meson in the event is partially reconstructed and used as a tag B that identifies the charge of the signal B meson; this yields a smaller candidate sample, but with higher purity and better signal discrimination. We tag B mesons decaying as B − → D ( * ) (X)ℓ −ν through the full hadronic reconstruction of D 0 mesons, where (X) represents zero, one, or several pions in the final state, which are not explicitly reconstructed. The D 0 mesons are reconstructed via decays into
Neutral pions are reconstructed as π 0 → γγ with the requirement 115 < m γγ < 150 MeV/c 2 on the diphoton invariant mass. Masses of D candidates are required to be within 20 MeV/c 2 of the nominal 
The charged lepton is identified as either an electron or muon. The lepton identification efficiency is constant and greater than 92% for electrons with momenta greater than 0.8 GeV/c, and greater than 75% for muons with momenta greater than 1.2 GeV/c. The pion and kaon misidentification rates are of the order of 0.1% and 0.5%, respectively, for the electron selector, while both are below 5% for the muon selector. The electron energy is corrected for bremsstrahlung photons emitted and detected close to the electron direction. The lepton and the kaon from the D decay must have the same charge. Assuming that the B − → Yν decay hypothesis is correct, the angle θ BY between the directions of the (measured) Y and its parent B is given by
where E B , m B , and | p B | are the energy, mass, and absolute momentum of the B meson, and E Y , m Y , and | p Y | are the corresponding quantities for the Y system. Eq.
(1) is valid in any frame of reference. In the CM frame however, the energy and momentum of the B meson can be inferred from the beam energies, and cos θ BY can be calculated without any specific knowledge of the B meson kinematics. If the B − → Yν hypothesis is correct, then | cos θ BY | ≤ 1, up to experimental resolution. Because cos θ BY is strongly correlated with our discriminating variable cos 2 φ B (described below), we impose the loose requirement | cos θ BY | ≤ 5. The B − → D ( * ) (X)ℓ −ν tag efficiency is found to be 4.4%.
After identifying the tag B, we require the remaining particles in the event to be consistent with a B + → ωℓ + ν decay, i.e. there should be exactly three additional tracks, one of them being identified as a charged lepton. We require the additional lepton to have an absolute CM momentum | p * ℓ | > 0.8 GeV/c. The two remaining tracks (assumed to be pions and required to come from a common vertex) are combined with one neutral pion to form an ω candidate, which is required to have an invariant mass between 0.75 and 0.81 GeV/c 2 . This is carried out with all the neutral pions in the event, because at this point we still allow for multiple ω candidates in each event. These ω candidates are then paired with the lepton to form X = ωℓ candidates. The angle θ BX is defined analogously to θ BY in Eq. (1), and we require | cos θ BX | ≤ 5. Since the signal decay is charmless, the momenta of the The momentum vectors of the reconstructed Y and X systems together define a plane. The angles between the momentum vectors of Y and X relative to the momentum of the corresponding parent B meson, θ BY and θ BX , are calculated in the CM frame using the known beam energies, so that the possible B directions are constrained to two cones around p * Y (X) with angles θ BY (BX) , respectively. This information, together with the requirement that tag and signal B mesons emerge back-to-back in the CM frame, determines the direction of either B meson up to a two-fold ambiguity. A schematic of the event kinematics is shown in Fig. 1 . The angle between the Y − X plane and either p * B possibility, denoted by φ B , is given by
where γ is the angle between the X and Y momenta in the CM frame. Events consistent with the hypothesis of two semileptonic B → Y (X)ν decays have cos 2 φ B ≤ 1, up to resolution effects.
We extract the signal yield from an extended binned maximum-likelihood fit to the measured cos 2 φ B distribution. The data are described as a sum of three contributions, dN/d cos 2 φ B = N sig P sig + N bkg P bkg + N cont P cont , where the N i and P i are the yields and probability density functions (PDFs) of: signal ("sig"), BB background ("bkg"), and background from continuum events ("cont"). The signal PDF, P sig , is parametrized as a threshold function in the physical region (0 ≤ cos 2 φ B ≤ 1) with finite resolution and an exponential tail: The various angles and momenta are described in the text.
The BB background and continuum background PDFs are both modelled as the sum of an exponential function and a positive constant:
The various yields are obtained from a binned maximum likelihood fit (see Fig. 2 ) of dN/d cos 2 φ B to the data, where the PDF shape parameters of the three contributions are fixed to those values obtained from three separate fits to the corresponding MC samples. The yield of the continuum contribution however is fixed to the luminosity-adjusted value from the MC sample, instead of being allowed to float, due to its similar functional form as the background PDF, and its small overall size. We find 103 ± 16 signal events and 355 ± 23 background events. The dominant contribution to background events comes from B + → X c ℓ + ν events, with most of the B + → X u ℓ + ν, other BB, andbackgrounds eliminated at the end of the event and final candidate selection. The B + → ωℓ + ν signal efficiency is 2.4% after all selection cuts.
The branching fraction is given by
where N sig is the number of reconstructed signal events, ε is the reconstruction efficiency, and N B + B − is the number of produced B fractions [20] . The factor of 4 arises as the product of two contributions: one factor of 2 comes from the fact that the branching fraction is quoted as the average of the electron and muon contributions, and another factor of 2 from the fact that either of the two B mesons in the B + B − event may decay in the signal mode. The tag efficiency correction factor r tag ε takes into account differences in the tagging efficiency between data and simulation, including all tag side branching fractions and reconstruction efficiencies, and is determined by studying "double tag" events, i.e. events reconstructed as BB with both B mesons decaying as B → D ( * ) ℓν. We also measure the partial branching fraction ∆B/∆q 2 in bins of q 2 , the invariant-mass squared of the lepton-neutrino system. For a B + → ωℓ + ν decay, q 2 is calculated in the approximation that the B is at rest in the CM frame, i.e.
, where E * ω and | p * ω | are the energy and absolute momentum of the ω meson in the CM frame. We divide the data into three bins: q 2 < 7, 7 ≤ q 2 < 14 and q 2 ≥ 14 GeV 2 /c 4 , in each of which the yield is extracted separately using the same maximum likelihood fit as for the full branching fraction. The q 2 resolution is 0.2 GeV 2 /c 4 , significantly smaller than the widths of the q 2 bins used to measure the partial branching fractions. Table I summarizes the measured partial branching fractions for these three regions of q 2 along with the corresponding signal yields and overall reconstruction efficiencies (including the fit), which are determined from MC signal events. The MC simulation is validated by detailed comparisons with data at various stages in the selection process, and the corresponding uncertainties are taken into account in the systematic error analysis, as discussed in the follow- ing. In Fig. 3 , the measured partial branching fractions are compared to the predicted q 2 dependence by BallZwicky [15] [16] [17] and ISGW2 [21] calculations, normalized to the measured total branching fraction. Within the large experimental uncertainties, both form factor calculations are consistent with the data.
The systematic uncertainties on the measured branching fraction are listed in Table II . They are estimated by varying the detection efficiencies or the parameters that impact the modelling of the signal and the background processes within their uncertainties. The complete analysis or only parts of it are then repeated and the differences in the resulting branching fractions are taken as the systematic errors. The total systematic error is obtained by adding in quadrature all listed contributions.
To estimate the uncertainty related to the stability of the yield extraction fit, we vary each parameter of the fit individually within its uncertainty derived from MC statistics, and also the functional forms of the PDFs used for the yield extraction; we find a maximum deviation of four events from varying the background parameters, corresponding to a fit yield uncertainty of 3.9%. To estimate the uncertainty due to a potential fit bias, we randomly fluctuate the individual signal, background, and continuum yields about their expected values according to Poisson statistics, and generate toy MC samples from the sum of these contributions. A fit is then applied in the usual way, and the deviation of the mean of the obtained pull distribution for the signal yield from the expected value of zero is quoted as the fit bias uncertainty of 0.3%. Uncertainties due to the reconstruction of charged particles are evaluated by varying their corresponding reconstruction efficiencies in the simulation, and comparing the resulting efficiencies to the original ones. As double tag events are used to determine the D ( * ) ℓν reconstruction efficiency, detector simulation uncertainties are applied only to particles on the signal side: 0.5% per track and 3.4% per π 0 . For lepton identification, relative uncertainties of 1.4% and 3% are used for electrons and muons, respectively. The tag efficiency uncertainty of 3.2% is derived from the limited statistics of the double tag sample and from the difference in tagging efficiency found between double tag and single tag samples, added in quadrature.
Uncertainties in the modelling of the signal and tag decays due to the imperfect knowledge of the form factors affect the shapes of kinematic spectra and thus the acceptances of signal events. We use the Isgur-Wise quark model [21] as an alternative to the default Ball-Zwicky calculations [15] [16] [17] to test the model dependence of the B + → ωℓ + ν simulation. The uncertainties due to the imperfect MC modeling on the tag side are similarly evaluated by reweighting the B − → D ( * ) ℓ −ν form factors, and also by varying the B − → D ( * , * * ) ℓ −ν branching fractions. We also include a 1.1% systematic uncertainty from counting BB pairs [22] , a 0.8% systematic uncertainty from the ω → π + π − π 0 branching fraction [4] , and a 2.7% systematic uncertainty from the correction factor f +− /f 00 = 1.056 ± 0.028 [20] .
In summary, we have measured the total branching fraction of the charmless semileptonic decay B + → ωℓ + ν to be
where the errors are statistical (data and simulation) and systematic, respectively. This result is consistent with the current world average [4] and previous BABAR results [7] [8] [9] , and manifests a slight improvement over the earlier measurements from Belle [5, 6] . The value of |V ub | can be determined from the measured partial branching fraction, the B + lifetime τ + , and the reduced partial decay rate ∆ζ of the corresponding theoretical form factor model: 
Form-factor calculations are available from the method of light-cone sum rules (LCSR) [16] and the ISGW2 quark model [21] . With ∆ζ = 7.10 (7.02) ps −1 for the LCSR (ISGW2) model, and τ + = (1.638 ± 0.011) ps [4] , we obtain |V ub | = (3.41 ± 0.31) · 10 −3 for LCSR (3.43 ± 0.31) · 10 −3 for ISGW2 (10) where the quoted uncertainty does not include any uncertainty from theory, since uncertainty estimates of the form-factor integrals are not available. Both form-factor calculations arrive at very similar values for |V ub |, which are consistent with the values derived from other exclusive semileptonic B decays [8, 23] . We combine the measurement presented here with the combination of the later two [8, 9] of the three previous untagged BABAR measurements that is presented in Ref. [9] . The measurements are combined using the BLUE (Best Linear Unbiased Estimate) technique [24] , where the correlation of the statistical uncertainties between this analysis and the combination of the two untagged BABAR analyses is negligible (7%). The correlation of the systematic uncertainties between this measurement and the combination of the two untagged BABAR measurements is estimated to be 74%, based on the systematic uncertainty contributions which a given pair of analyses has in common. The combined average of the three measurements is B(B + → ωℓ + ν) = (1.23 ± 0.10 ± 0.09) · 10 −4 . We are grateful for the excellent luminosity and machine conditions provided by our PEP-II colleagues, and for the substantial dedicated effort from the computing organizations that support BABAR. The collaborating institutions wish to thank SLAC for its support and kind hospitality. This work is supported by DOE and NSF (USA), NSERC (Canada), CEA and CNRS-IN2P3 (France), BMBF and DFG (Germany), INFN (Italy), FOM (The Netherlands), NFR (Norway), MES (Russia), MINECO (Spain), STFC (United Kingdom). Individuals have received support from the Marie Curie EIF (European Union) and the A. P. Sloan Foundation (USA).
